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I“)ynamics  of C o m e t a r y  D u s t

Z. Sekanina
Jet  l’repulsion Lahomtory,  California lnstituk oj Technology,
l’asadcna,  CA 91109

Abstract. l’his pa])er suln]narizes recent progress in our understanding
cjf the ]norphological  diversity of dust comets. ‘1’his diversity is a product
of dust emission fro]n discrete active areas on the nucleus surface and
proviclcs  information on the comet’s rotation state and source function.
Advances in computer simulations of dust coma morphology arc described
a]ld the diagnostic properties of various dusty features are emphasized.
Also addressed are scmlc of the issues of dust tail morphology and particle
fragmentation. Finally, lessons learnt ftoxrr investigations of the dllst
population of comet Shoemaker- J.evy  9 arc discussed and implications
for physical studies of the colnet’s collisioli  with Jupiter are identified.

1. Introduction

Although a variety of features (jets. fans , spirals, etc. ) was observed visually in
the near-nucleus region of a number of comets cluring  the 19th century, serious
attempts to interpret ancl model thcm dylla]nic.ally began only in the 1970s
a][d 1980s, respectively. Reviewed by Sckanina (1581), the pioneering efforts
aimed at elucidating dust coma morphology lCCI tc) the conclusion that activity
fro]n  the nuc.]ei of many, especially short-period, cmnets originates in discrete
cmissic)n  areas ancl that the appearance of obse]ved features is determined by
the surface distribution of active regions, by the mode of emission, and by the
nucleus rotation state. Restricted initially to mere contour fitting  to observed
features (Sckanina & I,arsc)n 1984, 1986a, h), tliis ]noclel]ing  soon developed into
increasingly successful Mo)de  Carlo image simulation  (Sekanina  1987a,b, 1988).

A parallel line of attack involved dyna]nical interpretations of structures in
cometary dust tails. While stream(  rs have long bcc]l  understood as products of
major, temporally isolateci  episc)dcs  of dust e]nission from the nucleus, competing
theories existed to explain rclativel.y rare striac (for a review, see, e.g., Sekanina
1980). As described in Sec. 3.2, advances since the late 1980s have significantly
accelerated the research in this fiel cl.

Onc co)nmonality shared by nearly all structures in the dust coma and tail of
colnets is the optical do]ninance  by micron- a]ld sub]nicron-sized  grains subjected
to appreciable accelerations by SO];Lr radiatio]i pressure, of up to N2.5  times the
sc)lar gravity. IIowcver,  comet Shoe make] - l,cwy 9 (1994 X == 1)/1993 F2), now
defunct, differed dramatically fro]n  other comets both in its appearance and
i]l properties of the dust ccmtcnt of the esscntial]y structureless condensations,
domil[atcd l)y pebble-sized and la]ger palticulatm (Sec. 4).
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2. Recent  C o m p u t e r  S i m u l a t i o n s  o f  D u s t  C o m a  M o r p h o l o g y

Major progress has been achieved since the latest review (Sekanina l!J91a) of
these simulation activities. }(’irst  of all, the fundamcnta]  parameters of the syn-
thetic images--- which include the nllc]eus spin axis orientation and the rotation
per iod at the time of dust crnissio]l, the surface locations of dust sources, and
the ral[ge of particle ejection velocities and accelerations due to solar radia-
tion pressure- were expanded to encompass two adclitiona] constants that allow
one to introduce random perturbations into the computer-simulated motions of
dust particles. Onc of the constants, al, descriljes the ]nagnit,udcs of particle-
trajcctory perturbations that are i]~depcndent of l)article residence length in the
coma, the other, 02,  characterizes tile effects that scale with the length. ‘l’lie re-
sults, examples of which are exhibitc,d in Figure 1, show that i]lclusion  of random
effects substantially enhances the ]nodel’s  capabilities for generating synthetic
images that faithfully simulate the observed a])pearance of dust comets. Of
particular interest is the f~ct  that by increasing the magnitude of the pertur-
bations, jt is possible gradually to “erase” any lnorphological  feature, as shown
011 the images in the bottom row and the rightmost column of the figure. This
implies that distinct morpllolo~y ill a comet’s head is diagnostic of coll imation
of dust particle flow from active sources ancl t}iat  the lack of morphology is not
necessarily an indicator of the absence of any such sources.

The c]uestion  of collimation is closely related tc) the ])roblems of activity from
concave topographic features, such M craters and other depressions. For  cornets,
effects of topography were studied by Colwell  & Jakosky  (1987) and by Colwell
et al. (1990), and, from anc~ther  stand poi~it,  by Keller et al, (1994). Colwell  et
al. find that the sublimation rates from the floors of craters are always higher
than from tYLcir walls and that there is a natural tendency for material driven
from a crater to be collimated. Keller ct al. c.o]lfirln  increased collilnation of flow
froln local depressions, but conclude-- from conlparison of their hydrodynamic
ca]culatjons  with the distribution of lig}lt i~i dust jets imaged with t}]e IIalley
Mult icolor  Camera (} IMC)---that  the observations can be explained by rela-
tively shallow depressions, of a dialneter-to-depth ratjo of about 6:1. ‘l’hey also
find that dust driven by  a covergi]l~~ gas flow above jnactive patches surrounded
by arl active area, a cone.e]jt, inde]}cnclently  proposed by W}lipp]e  (1983), can
explain the strongly  collimated ‘[filaments’) see]) on the IIMC images of IIalley ’s
near-nucleus environment to be su])erimposed  OIL the broader and much brighter
jets (Tho]nas  & l{eller 1987),  Keller cl al. (1994)  admit ,  however ,  that  more
realistic, tlLrec-di]nen  sional  models of the dust flow are necessary before major
co]lc.lusions  can be made OIL the morphology  and topography of the nucleus sur-
face. M o r e  pr-onounced  deprcwsio]ls , of a diameter- to-dept}l ratio of less than
two, were inferred by Sekani]la (]991b)  for cliscrct,e  sources on the nucleus of
l’/’empelel 2 from information on the comet’s water production curve ancl other
extensive evidence from ground-based observatimls.

Very recently, the image simulation software was further substantially up-
graded  to account for sho]t-term (diurnal) variatic)ns in the production rate of
dust from an active source and to accoln]nodatc  a great variety of particle-size
distribution laws (Sekanina 1!393). This new capability is particularly helpful
w h e n  ]nodel]i]lg  ra])idly changillg ]norpho]ogiciil features  emanat ing from t}ie
nucleus dur-i]lg a co]net’s ]najor outburst.
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COMPUTER GENERATED IMAGES OF A SYSTEM OF SPIRAL JETS

PARAMETER a, (ARCSEC]  FOR RANOOM  PERTURBATIONS INOEPENOENT  OF PARTICLE RESIOENCE  LENGTH
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Figure 1. C o m p u t e r  gcnleraled  i]nagm of a dust  coma consist ing
of spiral jets, ilnitati]lg the appearance of comets such as IIennett
( 1 9 7 0  I I  == C/1969  Y]). A l l  images  were gmlmated with i d e n t i c a l
reference parameters, except for the two rail  dolnization  constants, Crl
and crz. ‘l’he randoxn  effects  that arc indcpcuident  of particle residence
l eng th  ill the coma increase ill the in]agcs froni the left to the right,
the effects that scale with the length i)lc]casc i]L the i]nagm from the
top to the bottom, cr2 being their characteristic angular magnitude
at 1 arclnin from the nucleus . The image in the u])per l e f t  c o r n e r
(01 == az = O) shows tlLe direction to the SuIl a]ld  consists of particle
loci that are entirely ‘(unperturbed”. IIi ordcl to appreciate the values
of  tllc cons t an t s  Q] a]ld ci2 it should bc me]ltionec]  that each box  is
about 100 arcscc on a side.
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3 . Dust Tail Morphology, Its Modclling,  and Particle Fragmentation

A basic property of cometary dust tails is that they preserve an “imprint” of
t}lc history of dust emission for a ]imitcd period of time. This information can
be recovered, sometimes with a surprisingly hig]l tmnporal  resolution.

3 . 1 . Streamers

St rcarncrs are relativcl y colnmon,  fairly narrow, a]ld  rectilinear or somewhat
curved bands or rays in the dust tail, enlat Latilig from the coma. As products of
brief cnhancelnents  of dust ~)rc)duction  (outbursts) or suddenly increased varia-
tions in diurnal  activity, they have ]ong  been known tc) rel)resent true .synchronic
formations. The orientation of a streamer is diagl)ostic of the time of outburst
and its lengt]l provides information on the peak I adiation pressure acceleration
(or its lower bound) to which the ejects were subjected.

])uring  the past decade, the si]ople synchrolle-fitting  technique was  applied
to severaJ colnets and most notably to early post-pcrihe]ion,  large-scale images of
comet llalley (1986 111 == 11’/1982 IJ1), scparate]y  by J.aIny  (1986), by Sekanina
(1986), and by Beisser & ]]oehnhardt  (1987 a, b). At least 6 to 8 streamers were
identified, all emitted within two weeks of pcrihc]ic)n,  at times when the comet
hacl  been optically unobscrvab]c  from Eartl~  because of its conjunction with the
Sun. q’hc il~de])enclently  derived enlission till]es a~;ree to within a fraction of one
day and provicle  valuable iliformatit)n  on tlic comet’s activity.

3 . 2 . Striac

Ulllikc strea~nms,  striac arc bands that appeal ill dust tails less commonly, are
always separated froln  the c.c)ma by IIuge gaps, their orientations are inconsistent
with those of synch  roliic formations, have a telldcmcy  to cluster into pairs or
groups, almost never aim at the nucleus, and W}LCXL  extended beyolld their visible
]ength,  they illteresct the radius vcclor most]y CJIL ~}Ic sur(ward  side of the nucleus.
Their Ilature liad long remained ulicxplaincd arid everL today they are not fully
understood, in spite of the intensified research sillcc tlLe 1960s.

‘1’wo co]rlpeting rnodcls clnerg{d out of tlLcsc efforts: Notni’s (1964) high-
specd particle-ejection the’ory, which was origirlal]y appliecl  to  comet  Mrkos
(19S7  V == C/19S71’1), a,,d Sekanina & Farrell’s (1980) particle fragrnentatio,,
thec)r-y, first tested OIL colnct West (1976 VI == C/l 97S VI). Notni proposed that
the motions of striae arc dctcrrnincd by strong  coul)ling between dust ejects and
comet p]asma, which results ill “terlnina]” particle-ejection vcloc.itics  of 10 km/s
or more in a tailward directiorl near the Iluc.leus. on the ot}ler  hand, Sekanina
& Farrell cxplainccl  the stliae as f(lrmaticllls  colIIpcJscd c)f f r a g m e n t s  o f  p a r e n t
part icles tliat had been ejected in an outburst, subjected to the same, rather
high,  radjation pressure acc.cderation  during tllcir IIlotioll  through the tail, and
subsccluent]y fragmented at t}Le salne time. l’or coInet Mrkos, Sekanina & l’arrcll
(1982) found two kinds of stliae that consisted, respectively, of absorbing and di-
electric grains. Akabane  (1983) e]n])loycd  a)l esse]ltially icle~ltical  approach (but
a difrercllt tm-minolo~y)  in his stu(ly. Com])ziri]lg  tllc two competi)lg mode l s ,
NotrIi  L? ‘1’hiinert  (1988)  col\firlncd that the flar;lnclitatioll tllccn-y is  consis tent
with the Inotions of striae iri both MI kos and West, but found that the high-speed
ejcctioll theory  fails for W e s t . The fra,gTnelltatioll  l[nodel was also successfully
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applied to comet Scki-I,incs (1 962 111 == C/1 962 Cl) by Nishioka & Watanabe
( 1 9 9 0 )  a n d  p r e l i m i n a r y  results are availal,le for con,ct 1910 I (=: C/1910  Al)
(Sckanina  & Farrell 1986).  Nishioka & Watanabe (1990)  concluded that  the
col[stra,int on the fragmentation tilllc of parent particles can be relaxed, jf the
fraglncnts  have finite lifcspans. The constraint on the parents’ radiation pres-
sure acceleration remains, lLowcvcr, firm, which iln}llies  that their source might
in fact be a single massive piece so extremely ]]orous  as to be optically thin,
a property that is dictated obscrvationally  by the high acceleration values,

An additional argument in favc)r of the fragwLcntation  theory of the striac is
strong illdeperLdent  evidence on fraglnentation  processes in comets. Space a]]ows
me to mention only one particularly fitting case: vigorous dust fragmentation
was necessary, according to [Jtterback & Kissel  (1990), to explain a cloud of
highly friable attograrn  grains at large distances frmn  IIallcy ’s comet, de tec ted
with particlc+irnpact ion mass spcctlomctcrs cjliboard  three spacecraft.

4. Dust in Comet Shoemaker- Levy 9

This comet displayed four kinds of lnorphologica] feature. ‘-l’he brightest part
was the nuclear t7’sin, contaillillg all the condelisatio)ls. Extending from tlLc
train on either side were t!ails or wings. l’oil~tillg  generally to the west and
subtending a  lnodcrate  angle (~J20 30°) with tile tra,in  was a set of para,Jlcl,
rectilinear tails, whose roots coinc.idcd  with t}lc condensations. The tails were
ilnmcrsed i~l an eIlorInous  structureless sector of ]nateria],  which was stretching
to the north of its sharp boundary delineated by the train and the two trails.

It was show]i  elsewhere (Sckal)illa et c1l. 1994, Sckanina  1995a) that the
sector was made up of microscopic particles, that the st7zallcst  grains in the
tails observed soon after discovery were N 150 p]JI across (but much larger in
July 1994 ), that they were relwused from the c.olnct  most  probably between
early July allcl the end of 1992, and that their initia J velocities did not exceed
0.4 In/s.  Since each tail was an outgr<)wt}l of its pare]lt condensation, particles in
the train must have been sti]l  ]arger and t]leir vc]oc’ities  sti]] lower.  h’o evidence
exists for dust emission dulil~g  ]99+ 94 alld clua]ltitative estimates as low as
200 g/s were derived for its upper lilnit (Sckani]la 1995a).

~’hc sizes  and dylLalnics  of particulate :nateriad il~ the cc)ndcnsations h a v e
hecn subject to much colltrovcrsy. From co]lsidu-ations of radiation pressure
effects, the minimum particle dialnctcr in a conclcllsatioll’s inliermost region, up
to  -~()()() klll froln  its cc~ltel,  is cstil,latcd at ]- 2 ~l~etcrs  iri January --Ju]y 1994,
at an assumed clcnsity  of 0.2 g/cm 3 . l’roln  the observed  brightness and assuming
a geometric albcdo of 0.04,  the mass of debris (up to subkilolncter-sized  boulders)
in an average colldcnsation is mtimatc,d at 10’4 to 10]5s grams, depending o]t the
mass distribution law. ‘1’his is still ICSS than the lnass of any one of the largest
fragments that, were detected digitally on the }Iul)blc  Space Te]csc.ope  ilnages
(Sekanina  1995b).  in any case, there is no doubt whatsoever that t}lc debris iyl
ShocInakcr-  l,evy W ultlike ilL mc)st colnets- c.c)llsisted of large-sized, extremely
slow] y ]novirlg  particulate t]lat accou  ntcd for all t}ic light from the nuc.]car  train.

A c k n o w l e d g m e n t s . ~’}Ic research described ill this paper was carried out
by tllc Jet  Propuls ion laboratory, California Institute of Technology, under
colltract with the h’ationa] Aeronautics and Space Administration.
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